Amyloid β (Aβ) peptides, the primary constituents of senile plaques and a hallmark in Alzheimer's disease pathology, are generated through the sequential cleavage of amyloid precursor protein (APP) by β-site APP cleaving enzyme 1 (BACE1) and γ-secretase. The early endosome is thought to represent a major compartment for APP processing; however, the mechanisms of how BACE1 encounters APP are largely unknown. In contrast to APP internalization, which is clathrin-dependent, we demonstrate that BACE1 is sorted to early endosomes via a route controlled by the small GTPase ADP ribosylation factor 6 (ARF6). Altering ARF6 levels or its activity affects endosomal sorting of BACE1, and consequently results in altered APP processing and Aβ production. Furthermore, sorting of newly internalized BACE1 from ARF6-positive towards RAB GTPase 5 (RAB5)-positive early endosomes depends on its carboxyterminal short acidic cluster-dileucine motif. This ARF6-mediated sorting of BACE1 is confined to the somatodendritic compartment of polarized neurons in agreement with Aβ peptides being primarily secreted from here. These results demonstrate a spatial separation between APP and BACE1 during surface-toendosome transport, suggesting subcellular trafficking as a regulatory mechanism for this proteolytic processing step. It thereby provides a novel avenue to interfere with Aβ production through a selective modulation of the distinct endosomal transport routes used by BACE1 or APP.
β -site amyloid precursor protein cleaving enzyme 1 (BACE1) is the major β-secretase, and therefore the key rate-limiting factor in the production of amyloid β (Aβ) in Alzheimer's disease (AD) (1) . BACE1 is a single-membrane spanning protease synthesized in the endoplasmic reticulum and posttranslationally modified by N-glycosylation and furin-processing in the Golgi apparatus. Mature BACE1 cycles between the cell surface, endosomes, and trans-Golgi network (TGN) until it ultimately undergoes degradation in the lysosomal compartments. The major determinant in BACE1 sorting to and from endosomes is a short acidic cluster-dileucine motif (DISLL) in its cytosolic tail domain. This motif specifically binds to Golgi-localized γ-ear containing ADP ribosylation factor-binding (GGA-1, GGA-2, and GGA-3) proteins via their Vps, Hrs, and STAM domains (2, 3) . GGAs are involved in the selective transport of proteins, including the mannose-6-phosphate receptor, between the TGN and the endosome and in delivering endosomal cargoes for lysosomal degradation (4) . Furthermore, in addition to GGA, other proteins, such as reticulons and sorting nexin-6, have been reported to modulate the trafficking of BACE1 (5) (6) (7) .
The shedding of the major substrate of BACE1, the amyloid precursor protein (APP), appears to occur mainly in early endosomal compartments. Indeed, factors that promote APP or BACE1 internalization (8, 9) enhance Aβ production, whereas, reversely, blocking their internalization decreases Aβ levels (10, 11) . Although APP contains a cytosolic tyrosine-based NPTY (Asn-Pro-Thr-Tyr) motif (12, 13) and is internalized from the cell surface to early endosomes through clathrin-dependent endocytosis, the molecular mechanisms of BACE1 internalization and sorting to early endosomal compartments remain to be clarified. BACE1 does not harbor tyrosine-based motifs in its short cytosolic domain, and it is therefore unclear how BACE1 and APP finally end up in the same endosome, where cleavage occurs.
In this study, we identify the small GTPase ADP ribosylation factor 6 (ARF6) as an important modulator of BACE1 sorting. ARF6 is functionally associated with a (subset of) so-called "clathrin/caveolin-independent" endocytic routes (14) . These pathways are still somewhat controversial (15) , but they can be distinguished on the basis of the involvement of small GTPases, such as cdc42 and RhoA, or by the specific cargo that is transported (e.g., GPI-anchored proteins) (16) . Specifically, ARF6 localizes to the plasma membrane and endosomal compartments, where it regulates endocytic trafficking of selective cell surface integral proteins lacking typical clathrin recognition sequences, such as MHC class I (MHCI) proteins and the GPI-anchored CD59 (17, 18) . We have now discovered that BACE1 requires ARF6 activity to become sorted to early endosomes, where it encounters APP for processing. Thus, we provide evidence that BACE1 and APP are spatially segregated during plasma membrane-to-early endosome sorting, providing a mechanism for why BACE1 cleaves APP primarily in this compartment. Moreover, this sorting regulation also exists in polarized neurons and, more particularly, in the somatodendritic compartment. The modulation of ARF6 expression ultimately affects Aβ generation, indicating that interfering with endosomal transport regulation may become an alternative therapeutical strategy for the development of antiamyloidogenic drugs.
Results

APP Shedding by BACE1 Occurs in RAB GTPase 5-Positive Early
Endosomes. To visualize ectodomain shedding of APP, we inserted a cerulean (Cer) (or cherry) fluorescent protein into the ectodomain and fused YFP to the C terminus of APP695 (Fig.  1A) . Expression of the Cer-APP-YFP chimera in HeLa cells was confirmed by Western blot analysis displaying both the fulllength (FL) fusion protein as well as C-terminal fragments (CTFs), underscoring that Cer-APP-YFP is similarly processed as WT APP (Fig. S1 ). When analyzed by confocal microscopy, FL Cer-APP-YFP clustered perinuclearly near the Golgi and in a subset (17 ± 8%, n = 8) of RAB GTPase 5 (RAB5)-positive endosomes (Fig. 1B , Left Insets, white arrows). On the other hand, 69 ± 8% of peripheral Cer-APP-YFP colocalized with early endosomes in agreement with Burgos et al. (19) , underscoring that the inclusion of two fluorescent proteins does not grossly affect the trafficking of APP. Single Cer fluorescence, representing a shedded soluble APP ectodomain fragment (sAPP), was also detected in punctate structures that partially colocalized with RAB5 (15 ± 8%, Fig. 1B, Left Insets, open arrows) . This supports the view that ectodomain cleavage of the hybrid Cer-APP-YFP occurs in early endosomes (20) . In contrast, YFP fluorescence, representing the APP-CTF was rarely detected in RAB5-positive endosomes (5 ± 4%). This suggests its rapid turnover by γ-secretase processing (Fig. 1B, Right Insets) . To study APP shedding in early endosomes in more detail, we blocked endosomal trafficking of Cer-APP-YFP by coexpressing RAB5-Q79L. This dominant active mutation keeps RAB5 in its GTPlocked form and blocks endosomal maturation, giving rise to enlarged endosomes (21, 22) . Cer-APP-YFP became readily trapped; however, this occurred only in a subset of RAB5-Q79L endosomes (Fig. 1C, white arrows) , suggesting a selective targeting of APP from the cell surface to a subpopulation of endosomes, which also underscores the heterogeneity in RAB5-Q79L endosomes (23) . Under these conditions, single fluorescent Cer-APP (representing sAPP) was mostly found within the lumen of enlarged endosomes (Fig. 1C, open arrows) , whereas APP-YFP (representing APP-CTF) was again either absent or detected weakly in the limiting membrane. Next, we coexpressed Cer-RAB5-Q79L with Cherry-APP-YFP in the absence or presence of a BACE1 inhibitor (Fig. 1D) . Blocking BACE1 activity shifted cherry fluorescence (sAPP) from a dominant luminal location to the limiting membrane, where it fully colocalized with YFP and Cer-RAB5 (enlarged endosomes in Fig. 1D , Insets and quantified in Fig. 1E ). We confirmed this observation using BACE1 −/− mouse embryonic fibroblasts (MEFs) (Fig. S2) . We next tested the idea of whether sAPP fragments detected in early endosomes could primarily originate from processing of APP at the cell surface, followed by subsequent internalization of the shedded fragment. Using cell surface biotinylation, we could not detect sAPPα or sAPPβ being associated with the plasma membrane ( Fig  S3A) . Even when HeLa cells were incubated (24 h) with conditioned medium from HEK293 stably expressing human APP695 Fig. 2 . BACE1 internalization is stimulated by EGF and persists when clathrin-mediated internalization is blocked. (A) HEK cells stably expressing APP or BACE1 were starved for 16 h before being subjected to a cell surface biotinylation internalization assay using EZ-Link Sulfo-NHS-SS-Biotin (Pierce) (10 min at 4°C). After biotinylation, cells were incubated at 37°C with or without EGF (200 ng/mL) for 5, 7.5, and 10 min, allowing endocytosis to occur. Remaining biotin at the cell surface was cleaved off before cell lysis, and internalized biotinylated proteins were pulled down using streptavidin beads. (Insets) Representative Western blots, as well as the mean ± SEM (n = 3), are shown for BACE1, APP, and TfR. NR, nonreduced sample, R0, reduced sample time point 0. BACE1 antibody uptake in control (nontargeting siRNA) and in AP2 down-regulated (μ2 siRNA) cells (B) or in cells expressing AP180c (C). Cells were incubated on ice with BACE1 antibody (10B8) and Alexa568-labeled transferrin (50 μg/mL) and transferred to 37°C for 20 min to allow internalization. and human BACE1 (24) and secreting large amounts of sAPPβ, no plasma membrane-associated sAPPβ could be detected with cell surface biotinylation or in the HeLa cell lysate ( Fig. S3 B and C). Taken together, all our data strongly seem to support that sAPP accumulating in the lumen of RAB5-Q79L endosomes originates from local BACE1 activity in a subpool of RAB5-positive endosomes. Moreover, by using a BACE1 ectodomain-specific mAb 10B8 in an antibody uptake assay (25) , we demonstrate that BACE1 is likely delivered to early endosomes via internalization of its surface-associated pool ( Fig. 1G and Fig. S4 ).
BACE1 Internalization Is Primarily Distinct from the Canonical Transferrin Receptor-Mediated Endocytosis. Interestingly, as opposed to the fast clathrin-mediated endocytosis of APP (10, 26) , internalization of BACE1 occurs at a slower bulk flow rate, which can be activated by EGF (9) . This is also known to stimulate macropinocytosis, an endocytic route not dependent on clathrin (14, 27, 28) . Therefore, we surface-biotinylated BACE1, APP, and transferrin receptor (TfR) and followed their internalization in the presence or absence of EGF (200 ng/mL). First, the kinetics of internalization were distinct, with only 20% of BACE1 being internalized after 10 min, while this reached 60% and 80% for APP and TfR, respectively ( Fig. 2A) . In addition to its slower rate, internalization of BACE1 was significantly stimulated in the presence of EGF ( Fig. 2A , Upper), whereas APP and transferrin uptake were not affected ( Fig. 2A , Middle and Lower). Thus, BACE1 vs. APP and TfR endocytosis clearly harbors distinct features. We next down-regulated the heterotetrameric adaptor protein 2 (AP2) complex required for clathrin-mediated endocytosis using siRNA against its μ2 subunit ( Fig. 2B and Fig. S5 ). AP2 down-regulation almost fully blocked Alexa568-conjugated transferrin uptake ( Fig.  2B and quantified in Fig. 2B′ ). On the contrary, BACE1 internalization was not significantly affected in the same cells. This was confirmed by cell surface biotinylation demonstrating that AP2 deficiency causes TfR and APP, but not BACE1, to accumulate at the cell surface ( Fig. S5 A and B) . Also, when we overexpressed the C-terminal domain (AP180c) of AP180, a nonconventional neuronal adaptor protein of the clathrin pathway to block clathrinmediated internalization (29) , transferrin uptake was efficiently impeded. On the contrary, as for AP2 down-regulation, AP180c overexpression largely left BACE1 internalization unaffected ( Fig.  2C and quantified in Fig. 2B′ ). Noteworthy, in both cases, a decreased BACE1 internalization was observed, although statistically not significant. This suggests that minor leakage to canonical clathrin-mediated routes cannot be excluded (see below). Next, we expressed RAB5-Q79L in AP2 down-regulated cells; here, BACE1 was still capable of reaching the enlarged endosomes in contrast to APP, which requires clathrin/AP2 for internalization (26) , and therefore remained at the cell surface (Fig. 2D ). Expressing AP180c also did not block transport of BACE1 to RAB5-Q79L endosomes ( Fig. 2E, Insets) . By using independent strategies, our data strongly imply that APP and BACE1 use primarily different routes to become endocytosed and that both pathways can be differentially regulated.
BACE1 Follows the Same Internalization Itinerary as CD59 and MHCI.
We next compared the internalization of cell surface-localized BACE1 with CD59, a GPI-anchored cargo protein that has been shown to use a nonclathrin-mediated pathway for its internalization (14, 17) . Using a pulse-chase uptake assay with antibodies directed against BACE1 and CD59, a significant portion of the internalized BACE1 colocalized with CD59-positive endosomal compartments. An identical approach analyzing internalized APP and CD59 did not reveal much overlap (Fig. 3 A and B , Insets and quantified in Fig. 3C) . Control experiments in which cells were kept at 4°C did not show any internalized antibodies (Fig. S6) . We next compared the internalization of surface-localized MHCI with either APP or BACE1 following a 10-min uptake at 37°C (17) (Fig. 3 D-G) . In this experiment, we additionally immunolocalized Early Endosome Antigen 1 (EEA1) to identify internalized MHCI that has already reached the early endosomal compartment (18) . After 10 min of internalization, 84 ± 12% (n = 12) of MHCI-positive endosomes also contained internalized BACE1 (Fig. 3 E , E′, and G). Of these, only 8 ± 1% were positive for EEA1. On the contrary, only 25 ± 8% (n = 10) of MHCI-positive endosomes included internalized APP, but almost all (93 ± 7%) were positive for EEA1 (Fig. 3 D, D′, and G) . Thus, MHCI colocalized with APP when MHCI had already reached the EEA1-positive early endosome (Fig. 3 D-G) . However, the bulk of internalized MHCI and BACE1 remained negative for EEA1, indicating that they still reside in a distinct endosomal population. In this compartment, MHCI and BACE1 sometimes are colocalized in tubular structures (Fig. 3F, arrowheads) in agreement with the findings of Naslavsky et al. (17) .
Endocytic sorting and recycling of CD59 and MHCI are mediated by the small GTPase ARF6 (14) . We therefore expressed ARF6-Q67L, an ARF6 mutant locked in its GTP-bound state, to evaluate the effect on BACE1 and APP sorting. Grape-like clusters of vacuoles, characteristic of a blockade in sorting of ARF6-cargo on the way to early endosomes, were observed (17, (Fig. 4A) . In contrast, APP could not be detected in these ARF6-Q67L vacuoles regardless of whether APP was cotransfected with ARF6-Q67L (Fig. 4B ) or in combination with BACE1 and ARF6-Q67L (Fig. 4C) .
To demonstrate that ARF6-Q67L expression prevents BACE1 from reaching RAB5-positive endosomes, we coexpressed BACE1 together with ARF6-Q67L and RAB5-Q79L. In contrast to RAB5-Q79L expression alone (Fig. 1F) , BACE1 did not accumulate in RAB5-Q79L enlarged endosomes but remained trapped in ARF6-Q67L vacuoles (Fig. 4D) , further underscoring the requirement of ARF6 in sorting BACE1, but not APP to early endosomes.
Modulation of BACE1 Sorting Through ARF6 Activity Affects APP Processing. Because ARF6-Q67L blocks the delivery of BACE1 to early endosomes, this implies that GTP hydrolysis of ARF6 is required for the sorting of BACE1 from the preendosomal ARF6 compartment to early endosomes. Hence, we wondered whether we could regulate APP processing via this molecular mechanism. In a first series of experiments, we analyzed the generation of APP carboxyterminal fragments using quantitative Western blotting. ARF6-Q67L expression indeed caused a significant decrease of nearly 50% (P < 0.001) in the APP-CTF/FL-APP ratio compared with WT ARF6 (Fig. 5A) . Next, we used metabolic labeling to evaluate more quantitatively the effects of WT vs. mutant ARF6 on APP processing. For these experiments, we used SwedishAPP (APPsw), a familial AD-linked APP mutant that is more prone to BACE1 processing (32) . ARF6-Q67L coexpression dramatically decreased the levels of sAPP-secreted fragments and Aβ peptides, showing that ARF6-Q67L interferes with the normal BACE1 processing of APP. Overactivating endogenous ARF6 by expressing EFA6A, a specific guanine exchange factor (GEF) of ARF6 (33), also significantly decreased Aβ secretion (Fig. S7) . ARF6-T27N, a GDP-locked mutant of ARF6, had the reverse effect on APPsw processing, resulting in more secreted sAPP and Aβ compared with WT ARF6 (Fig. 5B) . In agreement with this, BACE1 and APP were found to accumulate in ARF6-T27N-positive compartments (Fig. 5 C and D,  Insets) , providing a possible explanation for the stimulating effects of ARF6-T27N on APP processing. Finally, we studied the effect of long-term ARF6 down-regulation on APP processing. We transfected mouse embryonic fibroblasts (MEFs) with a lentiviral vector harboring an shRNA against murine ARF6 and subsequently generated stable knockdown clones in which ARF6 was down-regulated to almost 90% (ARF6KD MEFs, Fig. S8B, Left) . Next, and again using lentiviral technology, we stably expressed human APP695 in control and ARF6KD MEFs and performed metabolic labeling to investigate APP processing. Stable knockdown of ARF6 promoted the production and secretion of sAPP, and Aβ was enhanced compared with WT MEFs (Fig. S8C ). Interestingly, the total level of BACE1 in ARF6KD MEFs was increased three-fold, likely explaining the observed enhanced shedding. Surprisingly, BACE1 was only moderately increased at the cell surface (Fig. S8 A and B) , indicating that a block in internalization could not account for the raised BACE1 levels. In agreement, in ARF6KD MEFs expressing RAB5-Q79L, BACE1 still reached the RAB5-positive enlarged endosomes (Fig. S8D ). In conclusion, both overexpression of ARF6 mutants and stable ARF6 depletion significantly affect APP processing but in opposite ways.
Sorting of BACE1 to Early Endosomes Is Dependent on the Dileucine
Motif. It has been demonstrated previously that the dileucine motif (DISLLK) in the BACE1 carboxyterminal tail determines, to a significant degree, the localization and trafficking of BACE1 (34) (35) (36) . This dileucine motif mediates the interaction with GGA proteins (2, 3), and among these, GGA3 is indeed involved in macropinocytotic uptake of ARF6-dependent cargo (33) . In agreement with this, we could colocalize some GGA3 with BACE1 (Fig. S9A) . However, expressing TBC1D3, a Tre-2/Bub2/ Cdc16 (TBC)-containing protein that stimulates macropinocytosis through activation of the ARF6 route and recruitment of GGA3 (33) , enhanced the colocalization of GGA3 and BACE1 (Fig. S9B) . We therefore mutated both leucines into alanines (BACE1-AA) to investigate whether this motif was also involved in targeting BACE1 to the early endosomes. BACE1-AA indeed failed to reach RAB5-Q79L enlarged endosomes (Fig. 6A) . In contrast, when coexpressed with ARF6-Q67L, BACE1-AA became sequestered to ARF6-Q67L-positive vacuoles (Fig. 6B) . Moreover, using antibody uptake experiments, we showed that internalized BACE1-AA-bound antibodies localized to tubularlike structures closely apposed to the cell surface but clearly distinct from EEA1-positive early endosomes (Fig. 6 C and C′) . In agreement, when the same antibody uptake was done in cells coexpressing RAB5-Q79L, newly internalized BACE1-AA again did not reach RAB5-Q79L endosomes (Fig. 6 D-E′) . Instead, it colocalized with endocytosed CD59 within similar distinct structures juxtaposed to the cell surface (Fig. 6 E and E′, white  arrowheads ). An independent approach using cell surface biotinylation combined with internalization confirmed that BACE1-AA is still endocytosed and remains responsive to EGF (Fig. 6F) . The lower extent of internalized BACE1-AA could be explained by the high recycling kinetics of this mutant to the surface as demonstrated by Huse et al. (35) . Hence, the structures positive for newly internalized BACE1-AA and CD59 but lacking EEA1 may correspond to the same endocytic compartment that governs the rapid recycling of CD147 (18) . Taken together, these data demonstrate that the dileucine motif is required for sorting of BACE1 from a transient preendosomal compartment to early endosomes, possibly through ARF6 effector molecules.
BACE1 and APP Processing Is Largely Confined to Somatodendritic
Compartments in Polarized Neurons. Thus far, the ARF6-mediated endosomal sorting of BACE1 was studied in nonneuronal cells. To assess whether ARF6 exerts a similar role in the brain, a major site of amyloidogenic processing, we next explored its subcellular localization and that of BACE1 and APP in neurons. In primary polarized hippocampal neurons (30 days in vitro), endogenous BACE1 and APP immunolocalized predominantly in the somatodendritic compartment based on the codistribution with the dendritic marker MAP2 (Fig. 7 A and A′) . Likewise, endogenous ARF6 as well as EFA6A, a major GEF for ARF6 in the brain, colocalized in soma and dendrites, whereas they were virtually absent in axons (Fig. 7 B and B′) . To confirm these findings biochemically, we cultured dorsal root ganglion (DRG) neurons in dual-microfluidic chambers. In the presence of the chemoattractant NGF, axons uniquely grow out through microgrooves into the axonal chamber, physically separating them from soma and dendritic arborization, as shown by tubulin immunostaining (Fig. 7C) . Subsequent Western blot analysis of , and open arrowheads point to enlarged RAB5-Q79L endosomes containing internalized CD59 but devoid of BACE1-AA. (Scale bars = 10 μm.) (F) EGF stimulates BACE1-AA internalization. HEK cells stably expressing BACE1-AA were starved for 16 h before being processed for cell surface biotinylation using EZLink Sulfo-NHS-SS-Biotin (Pierce) (10 min at 4°C). After biotinylation, cells were incubated at 37°C without or with EGF (200 ng/mL) for 5, 7.5, and 10 min, allowing endocytosis. The remaining biotin at the cell surface was cleaved off before cell lysis, and internalized biotinylated proteins were pulled down using streptavidin beads. (Insets) Representative Western blot and mean ± SEM of the percentage of internalized BACE1-AA of three independent experiments are shown. the cell/axonal lysates corroborated the abundant localization of APP and BACE1 in the somatodendritic compartment (Fig. 7D and quantified in Fig. 7E) . Analysis of the conditioned media showed that 62 ± 6% of sAPPβ is secreted in the somatodendritic chamber. Interestingly, up to 80 ± 12% of Aβ40 and almost all Aβ42 (98 ± 4%) was recovered here in agreement with an equal predominant localization of presenilin 1 and nicastrin, two integral components of the γ-secretase complex, in soma and dendrites. Interestingly, the low axonal levels of APP, BACE1, and both γ-secretase components surprisingly match the relative amounts of the respective processed fragments, sAPPβ and Aβ, recovered in the conditioned axonal medium (Fig. 7E) . Furthermore, virtually no endogenous ARF6 was detected in axons (<1% of total), suggesting that BACE1 endosomal sorting may be differently regulated here, whereas the major pool of BACE1 in soma and dendrites is more controlled through ARF6. In agreement, when ARF6-Q67L was overexpressed in primary hippocampal neurons, endogenous BACE1 but not APP was trapped in somatically localized ARF6-positive vacuoles (Fig. 7G) . Similarly, RAB5-Q79L enlarged endosomes were only found in soma and dendrites and were often BACE1-positive (Fig. 7F, Insets,  arrowheads) . Overall, we can conclude that major amyloidogenic processing of APP in primary neurons is confined to the somatodendritic compartment.
Discussion
Our study conclusively demonstrates that the sorting of BACE1 to endosomes is primarily controlled by the small GTPase ARF6, reminiscent of other cargo proteins like CD59 and MHCI, and largely persists when clathrin-dependent endocytosis is inhibited. Furthermore, the slow internalization kinetics of BACE1 and sensitivity to EGF stimulation, not observed for clathrin-mediated endosomal cargo like APP and TfR, add to the overall conclusion that endocytosis and endocytic sorting of BACE1 and APP are distinctly regulated (Fig. 8) . Consequently, interfering with just one mechanism, as we demonstrate by modulating ARF6 activity, is sufficient to alter APP processing and Aβ production significantly. For instance, expressing dominant active ARF6-Q67L prevented internalized BACE1 from reaching RAB5-positive endosomes, hence precluding it from accessing its substrate APP for processing (Fig. 4E) .
Moreover, our findings strengthen the central role of the dileucine motif within the BACE1 intracellular domain in the main transport routes of BACE1 to endosomes. Indeed, it has already been demonstrated that BACE1 is targeted from the TGN directly to endosomes through selective interactions of this motif with the three GGA proteins (2, 3) . From there, BACE1 can recycle back or traffic to the cell surface. Plasma membrane- A quantitative analysis of the distribution of BACE1, APP, and other components in the axonal or somatodendritic compartment derived from the DRG cultures is shown. In addition to quantifications derived from the Western blot analysis, the chart indicates the extent to which the different APP fragments (APP-CTF, sAPPβ, Aβ40, and Aβ42) are polarized (gray background). Secreted sAPPβ was quantified after immunoprecipitation and Western blot analysis, whereas secreted Aβ40 and Aβ42 were quantified using ELISA (Materials and Methods). Rat hippocampal neurons were cultured for 11 d in vitro and subsequently transfected with either Cer-tagged RAB5-Q79L (F) or HA-tagged ARF6-Q67L (G). Cells were fixed at 36 h posttransfection and stained with anti-BACE1 (10B8, green) (F and G) or anti-APP (C-terminal, blue) and anti-HA (for ARF6-Q67L) (G), and they were subsequently analyzed by confocal microscopy. Higher magnification shows accumulation of BACE1 in enlarged RAB5-Q79L endosomes along dendrites and in the soma (F, Insets, open arrowheads) or in ARF6-Q67L vacuoles (G, Insets, open arrowheads). In contrast to APP, BACE1 evidently gets trapped in ARF6-Q67L-positive structures, which are also primarily found at the cell body. (Scale bar = 10 μm.)
to-early endosome sorting also requires the dileucine motif, however, likely at the step following internalization. Indeed, internalized BACE1-AA is not capable of reaching RAB5-positive early endosomes, fostering our conclusion that the dileucine motif mediates the sorting of internalized BACE1 from presorting endosomal structures to early endosomes (this study and ref. 35 ). The existence of such an intermediate between the plasma membrane and early endosomes is reminiscent of CD59, another cargo molecule whose endosomal transport is mediated through ARF6 activity (37) . Based on our observation that GGA3 more prominently colocalizes with BACE1 in membrane ruffles in TBC1D3-overexpressing cells, we can speculate that GGA3 functions as an ARF6 effector in this transport regulation to early endosomes. With respect to APP, it was shown recently to interact with the AP4 adaptor complex at the TGN (19) , supporting that APP and BACE1 trafficking is differently regulated at the site of TGN exit. Also, once APP arrives at the cell surface, it reinternalizes differently from BACE1 (i.e., via a wellcharacterized tyrosine-based motif that mediates its endocytosis in a clathrin-, AP2-, dynamin-dependent manner) (Fig. 8) (13, 26) . Further differences are also found at the level of microdomain association of BACE1 and APP, which could mechanistically underlay distinct sorting requirements. Although both proteins fractionate to cholesterol-rich domains (38, 39) , they were shown to be present in distinct microdomains (40, 41) . Furthermore, APP is able to shift to the BACE1-associated microdomain after phosphorylation of Munc18, an APP-binding protein (41) . Interestingly, cross-linking these distinct microdomains is not sufficient to promote APP processing but required an additional endocytic step (40) . This agrees well with the fact that APP and BACE1 follow distinct internalization routes to a common early endosome (Fig. 8) and that BACE1 processing is optimal in more acidic environments (42, 43) . Moreover, our data may suggest that the dynamic exchange of APP and BACE1 between distinct microdomains, as observed by Sakurai et al. (41) , could occur at the level of the early endosomes. If so, this further emphasizes the role of the early endosome as a signaling compartment (44, 45) where major APP processing is initiated, thereby abrogating its function or initiating downstream signaling (46, 47) .
From a general physiological perspective, the ARF6-dependent routes are gaining increasing attention by cell biologists. A major reason is that the cell/neuron may use the constitutive or stimulated ARF6 routes to control directly or indirectly the steady-state levels of cell surface receptors important for signaling, as described, for instance, for the EGF receptor (48, 49) , migration, or antigen presentation (50) (51) (52) . Similarly, the ARF6 route likely indirectly controls APP processing by modulating BACE1 trafficking in neurons. By affecting its processing, ARF6 activity may also modulate the diverse neuronal functions of APP, including migration (53), neurite outgrowth (54), synaptic plasticity (55) , and axonal pruning/neuronal death (56) . The almost exclusive somatodendritic localization of ARF6 underscores a selective effect on processing in this part of polarized neurons. The extent of ARF6 influence on processing can be significant, because BACE1 and γ-secretase, as well as their secreted products sAPPβ and Aβ, are most prominently detected in the somatodendritic chamber of a compartmentalized microfluidic culture system. On the other hand, the low levels of APP and BACE1, as well as sAPPβ, in the axonal compartment in the virtual absence of ARF6, as demonstrated in this study, suggest alternative endosomal sorting regulation in axons.
Abrogating ARF6 function by stable knockdown resulted in significantly higher cellular BACE1 levels and promoted APP processing, including increased Aβ secretion (Fig. S8) , strikingly similar to what is observed for GGA3 knockdown (6) . Because GGA3 knockdown prevents BACE1 from being degraded (57) and functions as an ARF6 effector (33) , this fuels the idea that the ARF6-dependent endosomal transport regulation of BACE1 is affected in both cases. Because GGA3 levels are as well downregulated in the brain of patients with AD (6), these independent findings suggest that not only GGA3 and ARF6 but likely many more effectors of ARF6 can be considered from a therapeutical point of view, with the aim of modulating APP processing through regulating BACE1 transport, recycling, and turnover in endosomes. Because ARF6 has broad cellular functions (58), the therapeutical quest will be to find regulators with a specific spatial distribution and temporal expression pattern that can reduce APP processing and minimally compromise other essential functions of ARF6 (59) . The most effective additional targets could be the specific GEFs or GTPase-activating proteins (GAPs) that regulate ARF6 activity or other RAB-GTPases and their effectors in endosomal recycling. For example, EFA6A is an ARF6-GEF highly restricted to brain (60) and localizes (like ARF6) to the somatodendritic compartment in agreement with its role in regulating dendritic spine formation (60, 61) . Overexpressing EFA6A indeed affects Aβ secretion (Fig. S7) , underscoring our premise that targeting ARF6 effectors could be equally efficient in modulating ARF6-regulated endosomal sorting.
Taken together, we conclusively demonstrate that BACE1 reaches the early endosomal compartment through a mechanism mediated by ARF6, which is principally distinct from the clathrin-dependent route operated by APP (Fig. 8) . Our study therefore demonstrates that sorting of BACE1 and APP can be independently regulated, implying that factors or compounds selectively affecting endocytic sorting and recycling of either BACE1 or APP harbor novel and largely unexplored therapeutical potentials relevant for AD.
Materials and Methods
Detailed methods and materials are provided in SI Materials and Methods. Herein, all cell lines, chemicals, antibodies, RNAi and plasmids used in this study are listed as well as details on transfection. For this study MEFs were generated in which ARF6 was stably downregulated using lentiviral shRNA particles including the ARF6 targeting oligo. All confocal microscopy was done on a Radiance2100 (Carl Zeiss microimaging, Inc.) connected to an Eclipse E800 Nikon upright microscope. Quantifications of colocalization were done using Image J software as explained in more detail in SI Materials and Methods.
Biochemical analysis includes metabolic labeling and immunoprecipitation, western blotting, cell surface biotinylation, and internalization assays as well as the use of commercial ELISA-kits for Aβ measurements and protein determination.
Primary hippocampal neurons were derived from embryo day E17 or E18 mouse or rat embryos. Dissociated dorsal root ganglion neurons Fig. 8 . Distinct transport itineraries of BACE1 and APP to early endosomes. Schematic overview represents the effect of the distinct endosomal blocking mutants on BACE1 and APP trafficking. BACE1 and APP efficiently accumulate in RAB5-Q79L endosomes. ARF6-Q67L expression traps BACE1 and prevents its delivery to RAB5-positive endosomes, and thereby inhibits APP processing. ARF6-T27N expression blocks recycling from the endosomal recycling compartment to the cell surface, which allows APP to be processed efficiently by BACE1. Note that BACE1-AA likely blocks the transport between ARF6 vesicles and early endosomes. ERC, endosomal recycling compartment.
